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A minimal candidate for dark matter is provided by a stable standard model singlet hermitian scalar field. The 
quantum mechanical effects of this singlet are explored in a model where the standard model Higgs boson has 
a large non-minimal coupling to the Ricci scalar and plays the role of the infiaton. Imposition of the slow roll 
infiation cosmological constraints restricts the allowed values of the Higgs boson mass, its coupling to the dark 
matter and the dark matter self-coupling. 



Slow roll cosmological inflation is an attractive idea 
[1] which, in addition to explaining the large scale 
flatness, homogeneity and isotropy of the present uni- 
verse, also accounts for the nearly scale invariant pri- 
mordial perturbations responsible for structure forma- 
tion. Most models of inflation invoke a novel scalar 
degree of freedom, the inflaton, whose potential must 
be very flat to accommodate the observed size of said 
fluctuations. However, there is one model which re- 
quires no additional degrees of freedom beyond those 
already appearing in the standard model. It has been 
argued [2] that a successful model of inflation can be 
built using the standard model Higgs boson as the in- 
flaton provided one includes a sizeable non-minimal 
gravitational coupling of the Higgs doublet, H, to the 
gravitational Ricci scalar curvature, R. After includ- 
ing the quantum mechanical radiative corrections via 
the running of the various couplings [3] , the cosmic mi- 
crowave background (CMB) measurements constrain 
the range of allowed Higgs boson masses. 

On the other hand, the presence of non-baryonic 
dark matter requires that there exist degrees of free- 
dom not included in the standard model. A minimal 
extension is to model |1] the dark matter by a singlet, 
stable, scalar hermitian field, S, which can account 
for the correct primordial abundance and the lack of 
direct, indirect and accelerator observation. Here we 
compute the quantum effects of such scalar dark mat- 
ter on the Higgs-inflaton effective potential and ex- 
amine the resultant CMB constraints on the model 
parameter space [5]. As result of the coupling of the 
Higgs-inflaton boson to the scalar dark matter, the 
cosmological restrictions allow for lower Higgs boson 
masses than is the case of the absence of such cou- 
plings. The model action is 



r 



1 



-.9[A- 



1 



'Pi 



2 c2 



(1) 



where Tsm is the standard model action minimally 
coupled to gravity and rripi = 1/8ttGn ~ (2.4 x 
10^^)^ GeV^ is the reduced Planck mass. Said action 



includes all terms through mass dimension four con- 
sistent with an unbroken Z2 symmetry under which 
S is odd hence insuring the scalars' stability. The 
model parameter space has already been somewhat 
restricted by the dark matter identiflcation. For a 
dark matter scalar mass, nis, near half the Higgs bo- 
son mass, mh/2, the dark matter annihilation process 
via an intermediate Higgs boson line becomes reso- 
nant. Due to this efficient process, the dark matter 
will remain in thermodynamic equilibrium to a lower 
temperature consequently yielding too low a relic den- 
sity unless the Higgs boson to dark matter coupling 
K is quite small. On the other hand, for scalar dark 
matter masses away from half the Higgs boson mass, 
either heavier or lighter, there is no such resonance 
annihilation and thus the Higgs boson-dark matter 
coupling K must be fairly large, k > 0(0.1), or else 
the dark matter would decouple at a sufficiently early 
stage in the evolution of the universe so that there 
would be more dark matter present today than what 
is observed. Thus for most values of ms {ms greater 
than or less than mfi/2), the dark matter abundance 
calculation favors a higher value of k{> 0(0.1)). 

The above action is modified by the inclusion of 
quantum radiative corrections. During the inflation- 
ary phase, the physical Higgs-inflaton field has a large 
expectation value h ~ rnpij^Jt, » v, where v ~ 246 
GeV is the scale of electroweak symmetry breaking. 
The mixing of Higgs field with gravity leads to modi- 
fied Higgs field propagator 1/p^ — + s(/i)/p^, where 
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Note that s{h) 

2 '^j^i 
when >> 1. Thus internal Higgs field propaga- 

tion is suppressed for inflationary backgrounds satis- 
fying >> 1 and ^ >> 1. After incorporating this 

single modification, the renormalization group func- 
tions and improved effective potential for h — mte* 
can be computed using standard techniques. Here we 
have introduced the scaling variable t and have nor- 
malized all fields and couplings at the top quark mass, 
rrit ■ The running couplings for a particular set of ini- 
tial conditions and the form of the Higgs propagator 
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Figure 1: The running coupling constants for the scalar fields. The initial conditions for the coupling constants correspond 
to the effective potential plot of Fig. [sjwith k(0) = 0.2, ^(0) = 8, 315 and 5s(0) = 0.0. In this case the onset of inflation 
occurred at the scale ti — 35 with exit at tf = 32.7 after 60 e-folds of expansion. Note the rapid fall off of the Ifiggs 
propagator modification factor. 
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Figure 2: The vacuum stability and triviality bounds on the scalar sector parameter space using ^(0) — 10* and including 
the modified Higgs field propagator. The constraints apply to t = 34.5 which is typical of the onset of infiation. No 
allowed parameter space remains for As(0) > 0.25. 



modification factor are displayed in Fig, [T] For the 
model to remain viable, the scalar coupling constants 
must not reach their respective Landau singularities 
for all values of t in the range of applicability of the 
effective theory. We implement these so-called trivial- 
ity bounds by requiring the coupling constants A, k, As 
to be less than 47r. In addition, vacuum stability re- 
quires that, for all values of t in the range of applica- 
bility of the effective theory, A > 0, A5 > while if 



K < the relation A A5 > must hold. These one 
loop triviality and vacuum stability bounds including 
the modified Higgs propagator restrict the allowed pa- 
rameter space as shown in Fig. [2j Note that smaller 
values of the Higgs boson mass are allowed with in- 
creasing Higgs boson-dark matter coupling k(0) until 
k{0) ~ 0.3 above which the allowed parameter space 
disappears. 

The calculation of cosmological quantities is most 
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Figure 3: The Einstein frame renormalization group improved effective potential as a function of the canonically nor- 
malized Higgs-inflaton field a. The magnitude and shape of this potential in the inflationary cosmological state varies 
with the strength of the Higgs-inflaton and dark matter coupling constant k(0). The thickened portion of the potential 
curve corresponds to the A^e = 60 e-folds of inflation with onset and exit values of a as shown. In general, continuing 
the curves to larger values of a/Mpi, the one loop effective potential exhibits a maximum at some point. 
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Figure 4: The wrong way roll constraints for parameter space are added to those of vacuum stability and triviality 
(compare to Fig. [2]). These are displayed for typical initial non-minimal gravitational couplings of ^(0) = 10* and 
Cs(0) = 0.0. The grey colored areas mark the wrong way roll excluded regions of parameter space. The constraints apply 
to scales up to those typical of the onset of inflation, ti — 34.5. 



conveniently performed in the Einstein frame in which 
the physical Higgs field dependence in the non- 
minimal gravitational coupling is transformed away. 
The resultant Higgs-inflaton effective potential takes 
the simple form 



m%i X{t) V/(t) 
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where 



(4) 



is a dimensionless renormalization group invariant and 
7(t) the Higgs field anomalous dimension. Fig. [3] 
displays this effective potential as function of the 
canonically normalized Higgs-inflaton fleld a defined 
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tensor to scalar ratio, r, as 



various cosmological parameters governing the slow 
roll inflation are then secured in terms of derivatives 
of the effective potential with respect to a as 
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In general, the one loop approximated effective po- 
tential develops a maximum at some t value as can be 
gleaned from Fig. [3) In order to insure that the en- 
suing rolling will be toward the origin and not toward 
the Planck mass and beyond, it is necessary that this 
maximum occur at a smaller t value than the onset 
of inflation. Imposing this absence of wrong way roll 
criterion more severely restricts the parameter space 
of the model than the requirement of absolute vacuum 
stability up to the onset of inflation. For that mat- 
ter, even if the absolute stability constraint is aban- 
doned in favor of vacuum meta-stability with a life- 
time longer than the age of the observable universe, 
then the additional range of Higgs boson masses al- 
lowed by this less stringent condition are ruled out by 
the imposition of the wrong way roll constraint. For 
typical values of the scalar parameters the wrong way 
roll excluded region of parameter space is displayed in 
Fig. |4] For k(0) = As(0) = 0, the allowed range of 
Higgs boson masses after the imposition of the wrong 
way roll constraint is roughly 155 GeV < mt < 182 
GeV. This is a slightly smaller range than that al- 
lowed without the additional constraint which is 153 
GeV < mn < 190 GeV (c.f. Fig. |2|. As k(0) in- 
creases, but still with A5(0) — 0, the smallest allowed 
TO/i value consistent with the various constraints is 
approximately 130 GeV, which is roughly the same 
as without the wrong way roll constraint. This occurs 
when k(0) ~ 0.3. For larger values of k(0), the allowed 
parameter space vanishes. As As(0) increases from 
zero, the allowed parameter space starts to shrink as a 
smaller range of k(0) values are permitted, while there 
remains a finite range of allowed Higgs boson masses. 
Finally, for A5(0) > 0.25, the allowed k(0) range van- 
ishes for a finite range of allowed Higgs boson masses. 
Hence the allowed parameter space disappears. 

The measured CMB variables provide yet addi- 
tional restrictions on the allowed parameter space. 
The power spectrum of density fluctuations in k- 
space is given by Ps{k) ~ A|j(fc/fc*)"=('^)~^ where 
the amplitude of density perturbations is expressed 
as A|, = „. ^4 — and is secured by the combi- 

nation of experimental results from WMAP5, BAO 
and SN to be [6]: A| = (2.445 ± 0.096) x lO'^ at 
k* = 0.002 Mpc~^. Slow roll inflation gives the spec- 
tral index, n^, its running, a = dus/dlnk, and the 
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The combined WMAP5, BAO and SN observations [B] 
yield a = — 0.028±0.020 (and hence an approximately 
k independent spectral index ) while ris — 0.960 ± 
0.013 and r < 0.22 (95% CL). 

The calculational recipe employed in extracting 
these parameters involves first solving the renor- 
malization group equations with the experimen- 
tally determined inputs for rrit and the gauge 
couplings while scanning over values for to/, 
y2A(0)«,«(0),As(0),6(0) 
(,{ti) where ti is the onset of infiation 
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inflation, i/, is fixed by the condition e{tf) = 1. The 
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ti and tf is taken to be 60 and thus fixes ti. The var- 
ious slow roll cosmological parameters are then eval- 
uated at ti, the determined value of the onset of in- 
fiation. In general, as the Higgs boson to dark mat- 
ter coupling strength, k(0), increases, lower values of 
the Higgs mass will still support a stable vacuum as 
well as avoid the wrong way roll condition. However, 
a tension begins to arise between the experimentally 
allowed values of the spectral index and the model 
predictions of the index at low Higgs boson mass. It 
follows from Figs. |5] and [6] that, consistent with the 
triviality, vacuum stability and wrong way roll con- 
straints, agreement with the central measured value 
of Us favors a Higgs boson mass in the range 155- 
180 GeV and a smaller value of k(0). As k(0) grows 
to values ~ 0.3, above which the allowed parameter 
space vanishes, the computed value of rig lies between 
one to three standard deviations above the central 
measured value of 0.960 and occurs for smaller Higgs 
boson masses of order 130-145 GeV. Thus a discov- 
ery of a Higgs boson mass in this range favors both 
a larger spectral index and a larger coupling of the 
Higgs boson to dark matter as is also preferred by 
the dark matter abundance calculations. Finally, for 
A5(0) > 0.25, the allowed /c(0) range vanishes for a 
finite range of allowed Higgs boson masses and hence 
the allowed parameter space disappears. Note that 
there is no additional constraint arising from r and 
a as their computed values lie well below the present 
experimental limits as seen in Fig. [7] 

The infiuence of the inclusion of dark matter on 
slow roll infiation models where the infiaton is iden- 
tified with the standard model Higgs boson was ex- 
plored. To achieve this, the standard model was mod- 
ified by the inclusion of an hermitian scalar standard 
model singlet field, which can account for the ob- 
served abundance of dark matter, and a large non- 
minimal coupling of the Higgs doublet to the Ricci 
scalar curvature. In the infiationary region where the 
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Figure 5: The spectral index rig, is plotted against the Higgs mass rrih for various values of the Higgs-inflaton to dark 
matter coupling constant k(0) for the fixed initial value of the dark matter self-couplings As(0) = 0.0,0.1. Curve 
endpoints are determined by the wrong way roll, triviality and vacuum stability conditions. The dashed horizontal lines 
in the spectral index plot denote its central value, 0.960, and one and two standard deviations from it. Note that the 
curves corresponding to k(0) = —0.1 and «;(0) = 0.0 for the case of As(0) = 0.1 cannot be distinguished up to the 
thickness of the lines. 
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Figure 6: The spectral index cosmological constraints on slices of parameter space for different dark matter self coupling 
As as determined by the degree of agreement with the experimental value of the spectral index, Ua — 0.960. Here the 
green regions indicate the volume of parameter space that predicts spectral index values within one standard deviation 
of the central value. The yellow regions correspond to calculated values between one and two standard deviations of the 
central value, while the orange regions correspond to two to three standard deviations from it. The red areas indicate 
parameters that predict spectral index values more than three standard deviations from the central value. Finally 
the grey region is excluded by triviality and vacuum stability bounds along with the wrong way roll condition. For 
As(0) > 0.25, there is no allowed region of parameter space. 



physical Higgs-inflaton field develops a sizeable classi- 
cal background, the presence of the large Higgs dou- 
blet non-minimal gravitational coupling results in a 
highly suppressed physical Higgs field propagator. Ac- 
counting for this, the one-loop renormalization group 
improved effective potential was computed and the 
constraints on the model parameter space were delin- 
eated. In addition to the usual triviality and vacuum 



stability bounds, focus was given to the cosmologi- 
cal constraints arising from the identification of the 
Higgs boson with the inflaton. Since, in general, the 
one loop effective potential develops a maximum, it 
was necessary to insure that the onset of inflation oc- 
curred such that the inflaton rolling was toward the 
origin and not towards the Planck scale. This wrong 
way roll constraint was seen to eliminate even more 
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Figure 7: The spectral index running a and the tensor to scalar ratio r are plotted against the Higgs mass for 
various values of the Higgs-infiaton to dark matter coupling constant k(0) for the fixed initial value of the dark matter 
self-coupling As(0) = 0.0. Curve endpoints are determined by the wrong way roll, triviality and vacuum stability 
conditions. 



of the parameter space than the vacuum stabihty (or 
meta-stabihty) constraint. Various CMB parameters 
characterizing the slow roll inflation were computed 
with the spectral index, n^, providing the most strin- 
gent constraint on the coupling constant space. The 
region of parameter space allowed after the imposi- 
tion of wrong way roll, triviality and vacuum stability 
constraints, is further partitioned into various sections 
whose agreement with the measured spectral index is 
only at a varying number (one - three) of standard de- 
viations above the central value (c.f. Fig. [6|. Larger 
values of the coupling of the Higgs-inflaton to dark 
matter, as is preferred by the dark matter abundance 
calculation, lead to a lower allowed range of Higgs bo- 
son masses which is still consistent with the present 
accelerator bounds. Thus even after the inclusion of 
the dark matter, there still remains a range of LHC 
attainable Higgs boson mass values that are consistent 
with the cosmological parameters of slow roll inflation 
when the Higgs scalar is identified as the inflaton. 
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